Landsat satellite images and agrometeorological data were used together for modelling the crop coefficient (K c ) in irrigation pivots composed by a mixture of corn hybrids from a commercial farm for grains and silage, located at the northwestern side of Sã o Paulo state, Brazil. After developing relationships between K c and the accumulated degree-days (DD ac ) and having yield data for 2012 available, they were applied in the whole state, to upscale the crop water variables, during the GS (growing seasons) of a second-harvest crop from March to August. Spatial thermohydrological differences among the main corn growing regions were clear. The largest CWP (crop water productivity) values and SD (standard deviations) were for Itapetininga with an average value of 1.60 ± 0.43 kg m -3 , while the lowest ones were for Presidente Prudente (0.81 ± 0.21 kg m -3 ). As corn is important for these growing regions, being inside of the priorities from the Brazilian Ministry of Agriculture, these results should be considered for a rational exploration, including both, irrigation and rainfed conditions, as the actual water scarcity can bring much competition with other non-agricultural sectors.
Introduction


In the Southeast region of Brazil, one of the main crops is corn (Zea mays L.), which has been realized in two times of the year. The first-harvest crop is sowed between October and November, at the start of the rainy seasons, while the second-harvest sown happens from February to March. In both cases, the purposes are either for human consumption or for animal feed.
Weather parameters influence the corn photosynthetic activity and water fluxes. Soil moisture is important to maintain yield at optimum levels, as the water deficit is the main climatic risk for the second-harvest crop, being attenuated at high-altitude areas [1] . Water stress can affect the vegetative growth, crop development and the physiological processes, reducing yield, which, in turn, is a function of evapotranspiration [2] [3] .
Corn crop growing regions in the Brazilian Southeast are inside of the priority contexts from the national Ministry of Agriculture, with emphasis on the development and applications of Earth observations to assess agricultural climatic risks, based on agrometeorological indicators. Thus, knowledge about corn water variables on a large scale in Brazil is important for potential adaptations to extreme climate conditions and land use changes, when aiming the rational management of the water resources.
Evapotranspiration is critically important because it is essential for agricultural production, and its increase means less water available for ecological and human uses in river basins. Distinctions are made between reference (ET 0 ), potential (ET p ) and actual (ET) evapotranspiration [4] . ET 0 is the water flux from a reference surface, not a shortage of water, which in this paper and in standard practice is considered a hypothetical grass surface with specific characteristics. ET p refers to the water flux from crops that are grown in large fields under optimum soil moisture, excellent management and environmental conditions, achieving full production. ET is the real water flux occurring from vegetation in a specific situation involving all environmental conditions. Due to sub-optimal crop management and environmental constraints that affect plant growth and limit the water fluxes, ET is frequently smaller than ET p in agricultural crops. In this paper, ET p is considering the corn WR (water requirements).
Field measurements of water variables on a large scale are missing and using tools like remote sensing and/or GIS (geographic information systems) [5] , excluding the need of quantifying complex hydrological processes and being a useful way for determining and mapping these variables, can solve this problem. The suitability of combining Landsat measurements and GIS was confirmed when assessing vineyard water requirements in commercial table grapes in the semiarid region of Brazil [6] .
For the current study, due to its applicability, the SAFER (simple algorithm for evapotranspiration retrieving) algorithm [5, 7] was used with Landsat images to estimate the crop coefficient (K c ) in irrigated pivots with corn crops, located in the norhwestern side of Sã o Paulo state, Brazil. To upscale the corn water variables to the whole state, specific relations for grains and silage between K c , and the accumulated degree-days (DD ac ) were elaborated and applied with weather data, similarly to what was done for table and wine grapes in the Brazilian Northeast [8] .
CWP is analysed as the ratio of the actual corn yield (Y a ) to the WR for a growing season in the main growing regions of the Sã o Paulo state. In water-limited environments, the challenge is to make improvements on CWP through optimized management practices [9] . Many ways of raising CWP in agriculture are possible for both irrigated and rainfed crops [10] .
CWP values have been summarized for irrigated crops (wheat, rice, cotton and corn) [11] , for dry land crops [12] , and for rainfed crops [13] . Examples of field measurements to quantify CWP in oats, sunflower, legumes and potato have been given for the semi-arid conditions of Mongolia [14] . Also under semi-arid conditions, but in Northern India, CWP has been quantified in oilseed crops [9] . Considering the large-scale water variables acquirements by satellite images and GIS, CWP mapping, can be found for several agro-ecosystems [5, 11, 15] .
Despite these site specific and large-scale studies, research is still needed further evaluating the crop water productivity, especially for operational applications in different agro-ecosystems with high temporal and spatial thermohydrological inhomogeneity. The objective of the current research was to combine geo-technologies for modeling the corn water variables on a large scale, including both commercial goals, grains and silage production in the Sã o Paulo state, Brazil. The models were first elaborated with Landsat images and weather data in irrigated pivots of a reference farm in the northwesten side of Sã o Paulo and later up scaling these variables with a GIS. Emphases are given in CWP analyzes inside the main growing regions aiming subsidize improvements on the water use, under the conditions of climate and land use change which has been responsible for severe water scarcity. Fig. 1 close to the irrigation pivots were taken for K c modelling, together with remote sensing parameters throughout the application of the SAFER algorithm [5, 7] . Landsat 5 images for the days 03/22, 04/07, 04/23, 06/10, 06/26, 07/12 and 08/29 were used for this year, together with temporal interpolations covering complete growing seasons in each corn irrigation pivot of the commercial farm.
Materials
After developing specific regression equations, which relate K c and DD ac , taking the basal temperature (T b ) as 10 o C, the equations were applied together with weather data for the year 2012, from a net of agrometeorological stations from INMET (the national meteorological institute) ( Fig. 1 ). After the weather data interpolations in the entire state, the spatial distribution of the corn water variables for grains and for silage were acquired, latter extracting the main growing regions for CWP analyses.
In the current study, only the visible and the near infrared bands from Landsat 5 were used for K c estimations in the irrigation pivots, being the surface temperature (T S ) retrieved as a residual in the radiation balance equation. This technique assured a 30m spatial resolution for all water variables [16] .
For retrieving surface albedo (α 0 ), firstly the planetary albedo for each satellite band ( The daily α 0 values were obtained according to [7] :
where a and b are regression coefficients, which for a 24-hour period was considered as 1.70 and 0.13, obtained from field and satellites measurements [7, [16] [17] .
The NDVI (normalized difference vegetation index) is an indicator related to the land cover obtained from satellite images as: T S was estimated following [16] :
where R G and T a are the 24-hour values of global solar radiation and air temperature from the agrometeorological station close to the irrigation pivots, R n is the daily net radiation spatially obtained, ɛ A and ɛ S are, respectively, atmospheric and surface emissivities, and σ is the Stefan-Boltzmann constant (5.67 × 10
Following [7, 16] ɛ A and ɛ S were calculated as:
where τ sw is the short-wave atmospheric transmissivity defined as the ratio of R G to the incident solar radiation at the top of atmosphere, and a A , b A , a S and b S are regressions coefficients which, from [7] , were considered, respectively, 0.06, 1.00, 0.94 e 0.10.
The Slob equation was used for R n [7, 16] :
Because of the thermal influence on longwave radiation via the Stephan Boltzmann equation, previous study investigated whether the variations of the a L coefficient from Eq. 8 could be explained by variations in 24-hour T a values [17] : d cT a a L   (9) where c and d are regression coefficients found to be 6.99 and 39.93 [7, [16] [17] .
Having calculated the SAFER input parameters from Landsat images, the ET/ET 0 ratio was acquired:
where e and f are the regressions coefficients, being 1.0 and -0.008, respectively, for the Sã o Paulo Northwestern conditions [18] .
The average ET/ET 0 values in the well-irrigated buffered areas of the pivots gave K c , allowing modelling their values with DD ac :
where g, h and i are specific regression constants determined in the current research by the coupled use of satellite and weather measurements [6] .
With the availability of the weather data from the agrometeorological stations represented by the arrows in Fig. 1 , the spatial distribution of corn water requirements WR was then gridded, considering ET under potential conditions [8, 19] in the entire Sã o Paulo state:
The spatial WR values together with those for precipitation (P) allowed the application of a water index for the moisture delimitation in the Sã o Paulo state, during the growing season of the second-harvest corn crop [8, 19] . WR P WI  (13) The indicator represented by Eq. 13 enables the characterization of the climatic water component, taking into account the input and output of natural water from and to the crop under optimum agronomic conditions, indicating the potential moisture availability in the root zones [8, 19] .
With data on actual yield (Y a ) from the IBGS (Geographic and Statistics Brazilian Institute) and layering their values with the WR grids, the spatial distribution of CWP could be determined under Clearly, one can distinguish irrigation pivots from the natural vegetation by their higher ET/ET 0 values, with some pixels close to 1.40. The farm has pivots with corn, soybeans, beans and sugar cane; however, to relate K c as a function of the accumulated degree-days (DD ac ) for corn crop, the values of ET/ET 0 from SAFER results inside its irrigation pivots were used. It were considered the average pixel values inside buffered areas of six irrigation pivots for grains (G) and eight for silage (S), under optimum soil moisture conditions and the basal temperature (T b ) of 10 o C (Fig. 3 ).
K c , at different corn crop stages, was between 0.3 and 1.2. This range is in agreement with the values in Colorado (USA) [20] and with those of the standard work from [4] , which justified confidence in using the SAFER algorithm with acceptable accuracy and without the thermal band.
In the current research, the equations from Fig. 3 were applied to estimate the large-scale WR values, which together with yield data, were considered key-parameters for water productivity assessments. The advantage of this methodology is the possibility of upscaling K c values to different thermal conditions [10] . This is important for upscaling WR to different scenarios, eliminating the subjectivity of the crop stage characterization in situations of year-to-year air temperature variation, which will affect plant phenology [19] .
Eq. 12 was applied to the grids of ET 0 in the entire Sao Paulo state (Fig. 4) , being the main corn growing areas later extracted for WR analyses, considering a second-harvest GS from March to August.
Taking into account the entire Sao Paulo state, there was a gradient in the WR values, with the lowest ones from the coastal side, bellow 300 mm GS -1 , increasing toward the west side of the, where they are higher than 400 mm GS -1 , with the ones for grains larger than those for silage production. The larger values for grains than for silage are due to the different GS lengths, which were, on average, 160 and 120 days, respectively, and this is bound to affect the water productivity components depending mainly on the rainfall conditions along the crop stages. The coastal weather conditions seem to be a good option for corn crop expansion, in situations of water competition among different water users [10] . The main corn growing regions were extracted from Sao Paulo state, and the WR mean pixel values for a second-harvest GS together with the SD were analyzed (Fig. 5 ).
For grains, it can be seen from Fig. 5a From the one hand, as a direct relation between crop water consumption and crop yield is expected [21] , as a first guess, corn crop should be stimulated in President Prudente to attain high production levels. From the other hand, if there is no strong reduction on yield, as recently Sã o Paulo has experienced severe water scarcity, the growing regions with lower WR such as Itapetininga should have more attention, when aiming the better use of the water resources. In this last case, more research for improving CWP should be carried out, because the CWP variability is also due to the crop and water management practices [22] . WR in the current paper is considered as ET rates if the crop is under optimum soil moisture conditions. In this case, the mean daily rates should be between 2.3 and 3.0 mm day -1 among the main growing regions, considering both situations grains and silage goals. In the Northwest of China, field measurements and modeling, returned higher corn ET daily rates, averaging 3.5 mm day -1 [23] . The main reason for the lower values in Sã o Paulo could be explained by the inhomogeneity of the atmospheric demand among these regions, against those from the uniform irrigated cornfield in China. Fig. 6 presents the spatial distribution of the WI for grains and silage considering a second-harvest corn GS from March to August in the Sã o Paulo state, Southeast Brazil, highlighting the main growing regions.
WI around 1.00 implies the feasibility for rainfed corn crop, while those much higher may indicate problems due to moisture excess. Low WI values mean natural water deficiencies and can quantify the degree of irrigation needs. The northwestern side of the Sã o Paulo presented the largest area under natural dryness conditions, bellow 1.00, bringing the need of supplementary irrigation for both grains and silage productions. On the other hand, WI higher than 1.50 happened in the southeastern and southwestern sides of the State, meaning that rainfall satisfy the water requirements. These last conditions included the main corn crop growing regions. Only a small area of the southeastern side, outside these growing regions, with WI above 2.00, should present problems of water excess for corn crop. Fig. 7 shows the average WI pixel values in the corn growing regions for grains and for silage, together with the SD, considering the second-harvest crop from March to August in the Sã o Paulo state, Southeast Brazil.
The highest WI values, around 1.60 were found in Presidente Prudente, indicating much natural corn water availability for both grains and silage. On the other hand, the lowest ones, around 1.30, were verified in Bauru and Araç atuba. Considering the spatial variation, the largest SD values were in Bauru and the lowest ones in Marí lia. These results call more attention for supplementary irrigation needs in Bauru and higher probability of drainage rates in Presidente Prudente depending on the soil types. To reduce these drainage rates, practices of mulching could be used [23] to improve crop water productivity CWP.
Data on corn CP for grains in the year 2012 in the Sã o Paulo state, at the municipality scale, were obtained from the IBGS. Layering them with WR maps, gave the opportunity of analyzing the spatial CWP in the main growing regions by applying Eq. 14. The CWP spatial distribution together with the average pixel values and SD for each of the main corn growing regions is presented in Fig. 8 . 14.
To analyze how corn CP was related to WR and WI in the main corn growing regions, Fig. 9 was built taking their average values.
According to Fig. 9 , there was a good inverse relation between CP and WR, while with WI there was no consistent trend. Following the direct relation between WR and CWP [21] , one could affirm erroneously that the best region for stimulating corn crop growth could be President Prudente. However, by the CWP analyses and considering the actual water scarcity scenarios, the most rational corn crop expansion should be in the growing region of Itapetininga.
Although Presidente Prudente presenting the largest WI values, indicating good rainfall provision, WR values are high and the main reason for the low CWP should be percolations, with the water drained away from the root zones or the crop managements are poor. On the other hand, WI in Itapetininga is high and WR is lower, favoring CWP, what will contribute to a lower use of the water resources, this being a very important aspect in situations of water scarcity scenarios.
In the corn growing regions of Sã o Paulo state, once water is not a limiting factor, corn CWP values are higher than those for wheat and rice [11] , which were inside a range from 0.5 to 1.5 kg m -3 . Having in mind the importance for human and animal feed, mainly in rural environments, the corn water usage should be stimulated with sustainable management, in areas with high CWP in the Southeast Brazil, such as the growing region of Itapetininga.
Conclusions
Models resulting from the coupled use of satellite images and agrometeorological data, based on the relation between the actual to the reference evapotranspiration and the accumulated degree-days in corn crop, allowed the determination of water indicators in Sã o Paulo state, Brazil, for both grains and silage productions. Analyzing the soil moisture conditions by taking account the water input and water requirements, Presidente Prudente, indicating much natural water availability for both commercial goals. However, water requirements for this growing region are high. On the other hand, soil moisture in Itapetininga is large and water requirements are lower, favoring crop water productivity, what will contribute to a lower use of the water resources, this being a very important aspect under water scarcity scenarios. The results of the modelling are useful for improving corn water productivity, according to the commercial interest, considering both, irrigation and rainfed conditions.
